Skipping of internal exons during removal of introns from pre-mRNA must be avoided for proper expression of most eukaryotic genes. Despite significant understanding of the mechanics of intron removal, mechanisms that ensure inclusion of internal exons in multi-intron pre-mRNAs remain mysterious. Using a natural two-intron yeast gene, we have identified distinct RNA-RNA complementarities within each intron that prevent exon skipping and ensure inclusion of internal exons. We show that these complementarities are positioned to act as intron identity elements, bringing together only the appropriate 5 splice sites and branchpoints. Destroying either intron self-complementarity allows exon skipping to occur, and restoring the complementarity using compensatory mutations rescues exon inclusion, indicating that the elements act through formation of RNA secondary structure. Introducing new pairing potential between regions near the 5 splice site of intron 1 and the branchpoint of intron 2 dramatically enhances exon skipping. Similar elements identified in single intron yeast genes contribute to splicing efficiency. Our results illustrate how intron secondary structure serves to coordinate splice site pairing and enforce exon inclusion. We suggest that similar elements in vertebrate genes could assist in the splicing of very large introns and in the evolution of alternative splicing.
A key event in the decoding of genetic information in eukaryotes is the removal of intervening sequences or introns by nuclear pre-mRNA splicing (reviewed in refs. 1 and 2). The process of splicing requires the concerted activities of a large number of trans-acting RNA and protein factors that recognize and assemble onto splicing signals located near the branchpoint and splice sites in the pre-mRNA (1, 2) . An early step in spliceosome assembly is the formation of a splicing complex within which the reactive sites of the intron destined to be removed have largely been determined and the limits of the intron defined (3) (4) (5) . Distinguishing the correct splice sites from the many similar pre-mRNA sequences is a problem (1, 2) , compounded by the fact that vertebrate genes frequently contain long introns (Ͼ5 kb) and short internal exons (Ͻ300 bp, ref. 6 ). In mammals, failure to identify splice sites often results in exon skipping, causing aberrant gene expression (7) as well as a number of genetic diseases in humans (8) .
Simply finding correct splice sites is insufficient to determine correct splicing. Experiments using chimeric introns indicate that nearly any 5Ј splice site can be joined to nearly any 3Ј splice site (1, 2, 9) . Because most splice sites are compatible, the splicing machinery must pair them in a fashion that prevents joining of compatible splice sites from different introns. The relative sizes of adjacent exons and introns appear to influence the mechanism by which this is determined (10) . This interpretation is based on the general observation that 5Ј splice site mutations in a large intron following a small exon causes skipping of that exon (failure of ''exon definition''), whereas the same mutation in a small intron causes intron retention rather than exon skipping (failure of ''intron definition;'' refs. [11] [12] [13] [14] . The key molecular events that distinguish the intron definition and exon definition pathways of splice site pairing have not been identified. Because the efficiency of splice site recognition clearly plays a role in correct splice site pairing, protein factors that affect splice site recognition through their interaction with splicing enhancer sequences in pre-mRNA are very likely to be involved (for review, see ref. 15) . Even given the ability of specific RNA-protein and protein-protein interactions to stimulate spliceosome assembly at authentic splice sites, it is not clear how splice site pairing is coordinated in transcripts with multiple authentic splice sites so that all exons are included.
The exon inclusion problem is intrinsic to the eukaryotic gene expression pathway, and thus mechanistic solutions must also be present in the budding yeast. There are four known multiply interrupted Saccharomyces cerevisiae genes (16) (17) (18) (19) with different intron-exon architectures (see Fig. 1 A) . MATa1, required for determining the diploid state (16) , and SLC1, a homolog of the dynein light chain 1 gene (17), have short (Ͻ100 bp) introns but differ in the sizes of their internal exons (246 nt and 23 nt, respectively). YL8A and YL8B are related genes for ribosomal protein L6. Each has two large (Ͼ400 bp) introns separated by a short (94 nt) exon (18, 19) . The pre-mRNAs from all of these genes are spliced with little or no exon-skipping (ref. 16 ; also Fig. 1C and data not shown), suggesting that correct exon inclusion can be managed by the yeast gene expression machinery.
In this report we describe the identification of elements which ensure inclusion of the constitutive internal exon in YL8A. Inclusion of the exon is enforced by intron-defining RNA secondary structures that coordinate the pairing of the splice sites of each intron independently, similar to those shown previously to enhance splicing efficiency in single intron yeast pre-mRNAs (20) (21) (22) (23) . Rearranging complementarities can promote exon skipping or rescue exon inclusion, demonstrating the ability of pre-mRNA folding to contribute to accurate splice site pairing. Extension of our observations to vertebrate genomes suggests that novel and alternative splicing patterns could arise during evolution by the introduction of mobile repeat elements into introns.
BstBI (B) fragment, respectively, from the internal portion of the gene. The ''1020'' intron was made by inverting the BstBI fragment. The ''miniE2'' construct was made by deleting a 72-bp SmaI-SnaBI fragment from exon 2 (SmaI and SnaBI sites were introduced by oligonucleotide-directed mutagenesis; the altered residues were removed with the deletion). Double and triple secondary structure mutants were made by subcloning fragments containing mutations X, Y, and ¥. Mutant YL8A DNA segments were inserted into plasmid pGAC14Uf [a URA3 reporter derived from pGAC14 (26) ] for expression. PCR primers (restriction sites underlined) are as follows: YL8A left, dATTGTCTTCGGATCCTATAAATC-CAAATAACC; and YL8A right, dGTAGGTACCAGCAG-CCTTGGC; and mutagenic oligonucleotides (mutations underlined) are as follows: WK5Ј, dGCAAAAGTGGTACGAA-CAGCCTTACG; X-5Ј, dGTTTAGAATTCAGCCTTACG-AGC; E2SmaI, dCTTGACCCGGGAATCTCAGTTGAAG; E2SnaBI, dGCCTTACGTACAGCTCTTTCAGCAGC; mutation X, dTGCTCCTTTTTCTGTTATACTGCAGATCG-AACTAGTATACTTCTC; mutation Y, dACTTTTTTCTA-CGATCTGCAGTATA ACAGA A A ACACCACT T T TC; and mutation ¥, dGATGGAAAACACAGTCGATCTG-CAGTATAACTGTTACACGGCATT.
Yeast transformation, Reporter Expression, and RNA Preparation. Yeast were transformed by the LiOAC͞DMSO method (27) and selected on minimal medium lacking uracil. The yeast strain used in this work is HFY870 (MATa1 ade2-1 his3-11, 15 leu2-3, 112 trp1-1 ura3-1 can1-100 upf1::HIS3 CUP1 YL8A); the upf1 deficiency does not cause a detectable splicing defect (28) . Yeast were grown in synthetic complete media with dextrose lacking uracil at 30°C to mid-log phase. RNA was isolated as previously described (29) .
Reverse Transcription and cDNA Analysis. Reverse transcription reactions were performed essentially as described (29) . A total of 2-3 g total RNA͞reaction was used for the experiments shown in Figs. 2B and 3B; 4-6 g total RNA͞ reaction was used for the experiment shown in Fig. 4C . Primer annealing was carried out at 65°C for 5 min, then 42°C for 25 min. Reverse transcription extensions were performed at 42°C for 30 min. cDNAs were resolved on 6% denaturing polyacrylamide gels. The CUP1 primer was as follows: dGCACTCAT-GACCTTCATTTTG (8.6 ϫ 10 6 cpm͞pmol was used for Figs. 2B and 3B; 1 ϫ 10 7 cpm͞pmol was used for Fig. 4C ). SCR1 RNA (30) was used as an internal control to equilibrate sample loading. scr1-108 primer (dGGCGTGCAATCCGTGTCT) was used at 4.6 ϫ 10 6 cpm͞pmol for Figs. 2B and 3B; 4.2 ϫ 10 6 cpm͞pmol for Fig. 4C . Signal from endogenous CUP1 mRNA is absent from the portions of the gels shown. Gels were exposed to PhosphorImager screens, then scanned and quantitated using the Molecular Dynamics IMAGEQUANT software. Because of uncertain effects on stability of RNAs carrying different mutations, quantitation was limited to the stable exon-included and exon-skipped products. Exon-included and exon-skipped cDNAs were amplified using YL8A left and CUP1 oligonucleotides and were subcloned into pGEM7zfϩ for sequencing (data not shown).
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RESULTS

Splice Site Mutations in Intron 2 Do Not Induce Skipping of the Internal Exon.
The phenotype of 5Ј splice site mutations distinguishes exon from intron definition mechanisms of exon inclusion (11) (12) (13) (14) . To test whether the efficient inclusion of the small internal YL8A exon is enforced by an exon definition mechanism, we altered the 5Ј splice site of intron 2, either weakening it (5Ј-GTtcGT, WK5Ј) to match that of the naturally weak MER2 intron (32) or destroying it (5Ј-GaATtc, X-5Ј) (Fig. 1B ). The mutations were tested in the context of a fusion of YL8A to CUP1, driven by a strong promoter on a high copy plasmid. Total cellular RNA was isolated and reverse transcribed using labeled CUP1-specific primer, and cDNA products were resolved by denaturing gel electrophoresis. Because the exon-skipped mRNA contains in-frame premature stop codons, we used a yeast strain disrupted at the UPF1 locus. Upf1p is a component in the pathway for cytoplasmic degradation of mRNAs carrying in-frame nonsense codons (28) . The upf1-deficiency does not affect splicing (28) .
In contrast to the effects of 5Ј splice site mutations in many vertebrate genes with small internal exons (11) (12) (13) (14) , the splice site mutations we tested do not induce exon skipping in YL8A (Fig. 1C) . Weakening the splice site reduces the amount of exon 2-containing mRNA, and increases levels of a higher molecular weight product whose size is consistent with reten- Wild-type (WT) and mutant (WK5Ј; X-5Ј) 5Ј splice sites were tested (mutant residues are underlined). (C) The 5Ј splice site mutations do not induce exon skipping in vivo. Splicing was analyzed by reverse transcription of total cell RNA using a 5Ј-labeled ( 32 P) primer complementary to CUP1 sequences. Lane m, DNA size markers. E1E3 is a marker for exon skipping expressed from a construct in which exons 1 and 3 are directly fused. Expected products are diagrammed at the right. scr1 is a small cytoplasmic RNA used as an internal control for total RNA amount. A strong RT stop (E) correlates with the 5Ј end of snR39, a small nucleolar RNA encoded in intron 2 (24) and could be generated by processing events related to snR39 biosynthesis. tion of intron 2 (Fig. 1C, WK5Ј ). Destroying the 5Ј splice site also impairs intron removal and yields higher levels of the larger product, but still does not induce exon skipping (Fig. 1C , X-5Ј). A cryptic site (5Ј-GTAaGg) 8 nt upstream is weakly activated in this mutant, resulting in an mRNA containing a shortened internal exon (Fig. 1C, X-5Ј ). Thus, in contrast to the effects of 5Ј splice site mutations in vertebrate pre-mRNAs with small internal exons, the YL8A exon is not skipped, rather intron 2 is retained. This indicates that YL8A exon 2 inclusion is not mediated by an exon-definition mechanism, and suggests instead that the introns are defined (13) . A reduction in total L8A-CUP1 RNA yield relative to SCR1 RNA is also observed, suggesting that mutant pre-mRNAs may be more rapidly degraded.
Skipping of Exon 2 Is Prevented by Intron Sequences Near Exon 2.
To exclude the possibility that the 5Ј splice site of YL8A intron 1 is incompatible with the 3Ј splice site of intron 2, we deleted the internal exon and flanking portions of each intron ( Fig. 2A) . Splicing of exon 1 to exon 3 in these chimeric constructs shows that the splice sites are compatible (Fig. 2B,  305 and 692) . The efficiency of splicing (and total transcript yield) is reduced as the distance between the sites is increased, in accord with previously observed distance effects on splicing of single intron yeast substrates (33) . Restoring the wild-type distance of 1,020 nt (by inverting a fragment spanning the internal exon) also allows splicing, although at a reduced level (Fig. 2B, 1020) . Thus, we conclude that exon skipping is prevented in part by sequences within the fragment spanning the internal exon. Deleting 72 nt of the 94-nt internal exon does not induce exon skipping (Fig. 2B, miniE2) , arguing that sequences required for exon inclusion are located within the introns.
Intron Self-Complementarities Enforce Inclusion of the Internal Exon. We inspected the sequences near the internal exon and identified complementarity between the regions near the 5Ј splice site and branchpoint of each YL8A intron (Fig.  3A) . Complementarities of this type were originally identified in a survey of yeast intron sequences (34) . Experiments support a role for such complementarities in splicing efficiency of certain pre-mRNAs (20) (21) (22) (23) and in splice site pairing in artificial alternative splicing substrates in yeast (21) . If these intron self-complementarities act to promote the pairing of specific pairs of authentic splice sites to the exclusion of incorrect pairs of authentic splice sites as suggested (21), then they would enforce exon inclusion in a natural two-intron pre-mRNA.
To test this hypothesis, we reduced complementarity between sequences near the 5Ј splice site and branchpoint in each YL8A intron (Fig. 3 A and B) . The sequence downstream of the intron 1 5Ј splice site (sequence A) and its complement upstream of the intron 1 branchpoint (sequence B) were separately mutated (to sequences X and Y, respectively, Fig.  3A ; mutants XBCD and AYCD, respectively, Fig. 3 A and B) . The sequence of the region near the intron 2 branchpoint (sequence D) was mutated (to sequence ¥) to destroy basepairing potential in intron 2 ( Fig. 3 A and B, mutant ABC¥) . The precise sequences of the mutations were selected based on an estimate of their ability to disrupt the natural base-pairing potential shown in Fig. 3A without creating new base-pairing potential with other sequences (see below). Each of the three sets of mutations was individually tested for its effect on exon inclusion (Fig. 3C) .
Destroying the complementarity in either intron reduces the amount of correctly spliced product, and allows a modest amount of exon skipping to occur (Fig. 3C , XBCD, AYCD, ABC¥). The appearance of exon 2-skipped product supports our previous conclusion that the 5Ј splice site of intron 1 is compatible with the 3Ј splice site of intron 2 (Fig. 2) , and demonstrates that skipping can occur despite the presence of intact authentic splice sites elsewhere in the YL8A pre-mRNA. A 2-4 fold reduction in levels of correctly spliced transcript is also observed, extending the role for intron complementarities in splicing efficiency of single intron pre-mRNAs (20-23) to both introns of YL8A. In addition to their role in splicing efficiency, the intron complementarities act to prevent skipping and enforce inclusion of the internal exon by determining intron identity.
To show that the splicing defects we observed were caused by disruption of base-pairing interactions within intron 1, we combined mutations X and Y, which together restore complementarity within intron 1 (Fig. 3, mutant XYCD) . The exon skipping defect observed in the XBCD and AYCD mutants is completely suppressed in the XYCD double mutant (Fig. 3C) , consistent with the idea that the complementarities act to form base-pairing interactions between sequences located near the splice sites. As expected, destroying both intron complementarities (mutant AYC¥) without intentionally creating any new base-pairing potential does not restore exon inclusion (Fig.  3C) . These results provide genetic evidence that base-pairing interactions between the regions near the correct splice sites function to ensure exon inclusion in YL8A, by stimulating the pairing of the appropriate authentic splice sites. Thus, intron self-complementarities function as internal identity elements (Fig. 3 A and B, mutant XBC¥) . Exon skipping is significantly enhanced in this construct (Fig. 3C) , clearly demonstrating that new complementarity can stimulate pairing of distal splice sites separated by large distances. Sequencing of double stranded cDNA after amplification indicates that the intron 1 5Ј splice site is correctly joined to the intron 2 3Ј splice site in the skipped product (data not shown). In this case the long-range splice site pairing supported by complementarities is more efficient than the local pairing events not supported by complementarities ( Fig. 3C ; see also ref. 21) .
To test whether restoring the intron 1 complementarity in the efficiently skipping XBC¥ construct could suppress exon skipping and restore exon inclusion, the Y sequence was introduced upstream of the intron 1 branchpoint (Fig. 3 A and  B , mutant XYC¥). This should restore identity to intron 1, while maintaining the pairing that promotes exon skipping. When mutant XYC¥ is expressed in yeast, exon skipping is completely suppressed, suggesting that base pairing between the more distant X¥ complementarity is no longer able to promote exon skipping. The complete absence of exon skipping is somewhat surprising given that intron 2 remains compromised in mutant XYC¥ (as it is in mutant ABC¥). The weaker complementarity in the natural AB sequences as compared with the XY complementarity is consistent with the hypothesis that the potency of a complementarity to influence splice site pairing is in part a function of its stability (23) . In any case, our results demonstrate that exon skipping caused by introduction of a novel complementarity can be overcome by increasing the intron identity afforded by intron secondary structure.
DISCUSSION
Natural intron secondary structure plays a positive role in ensuring inclusion of an internal exon in a multi-intron premRNA (Fig. 3) . The ability of complementarity between sequences adjacent to the 5Ј splice site and branchpoint to enhance splice site pairing has been demonstrated previously using artificial splice site competition substrates (21) . In the case of YL8A, two distinct pairs of naturally complementary sequences act positively to stimulate correct pairing of authentic splice sites. Because the two pairs of elements differ in sequence, base pairing between intron 1 and 2 is inefficient, and the incorrect pairing of splice sites that leads to skipping of exon 2 is discouraged (Fig. 4A) . The difference in sequence thus confers identity upon the introns, organizing them independently and possibly sequestering them from exon sequences in the folded pre-mRNA. We show that intron identity can be blurred by introducing new complementarity between normally unpaired authentic splice sites (Fig. 4B ). Strong and independent intron identity enforces exon inclusion by ensuring that each intron is separately defined. This is an example of an intron definition mechanism that uses intrinsic intron RNA secondary structure as the defining feature.
Our results are genetic, and the evidence for RNA folding in YL8A pre-mRNA is inferred from the suppression afforded by compensatory mutations. RNA structure probing experiments using synthetic single intron transcripts in vitro indicate that intron folding is stimulated by such elements (23, 35) , and this property is correlated with improved splicing complex formation (20, 22, 35) . Presumably the organization of the pre-mRNA into folded intron and exon domains assists the correct pairing of splice sites, but the true impact of these elements on folding and splicing in vivo will be challenging to determine. Of the four known multi-intron yeast genes, only YL8A and its sister gene YL8B have obvious intron complementarities (data not shown). The absence of such elements in MATa1 and SLC1 suggests that other mechanisms enforce inclusion of internal exons in transcripts from those genes.
Could long-range intron complementarities act positively to coordinate splice site pairing and ensure exon inclusion in higher eukaryotes? Local secondary structure that includes splice sites can negatively influence splice site selection and cause splice site or exon skipping (for a review, see ref. 36) . A large number of experiments support a positive role in exon inclusion for interactions between splicing enhancer sequences in pre-mRNA and protein factors that direct the binding of constitutive components of the splicing machinery to nearby splice sites (for a review, see ref. 15) . Despite the predominant role of these RNA-protein interactions in metazoan splicing, complementarity introduced between introns activates exon skipping in artificial constructs transfected into HeLa cells (37, 38) , suggesting that complementarities like those in YL8A could play a role in regulating splice site pairing in humans. Circumstantial evidence also suggests that natural intron complementarities can influence exon inclusion in mammals. For example, it has been proposed that complementarities contribute to skipping of an optional exon in the mouse neural cell adhesion molecule pre-mRNA (39) . In the mouse Sry transcript, inverse splicing occurs in the adult but not fetal testis (40) , and this is correlated with the presence of large complementarities flanking the exon (41) .
Abundant potential for formation of RNA duplex exists in heterogeneous nuclear RNA (42) . Much of this complementarity is derived from Alu and other mobile repeat element family members, which are common in higher eukaryotic genomes (43) . Because their transposition into coding sequences is disruptive, these elements are often found in large introns, occasionally in inverse orientation with respect to each other (44) . Although no systematic studies have been done to date, it seems possible that extended intron complementarities formed by multiple copies of Alu or other repeat family sequences could help define and increase the splicing efficiency of very large metazoan introns by a mechanism that parallels the one observed in yeast (refs. 20-23 and this work). Furthermore, the transposition of a new copy of such a sequence could promote a new pathway of alternative splicing in pre-existing pre-mRNAs (Fig. 4B) . Such events would have the advantage of increasing the combinatorial potential of splicing and provide a direct role for so-called ''selfish'' DNAs in generating protein diversity. A complementary evolutionary role based on the effects of these elements on transcription regulation has recently been proposed (45) . In YL8A a new engineered complementarity (arrows) causes exon skipping as well as allowing residual exon inclusion (Fig. 3) . In higher organisms, the introduction of new complementarity by the transposition of a mobile repeat element (arrows) is proposed to induce an alternative splicing pathway and increase the coding potential of the genome (see text).
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